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he retinas of teleost fish grow continuously, in part, by neuronal hyperplasia and when lesioned will regenerate. Within
he differentiated retina, the growth-associated hyperplasia results in the generation of new rod photoreceptors only,
hereas injury-induced neurogenesis results in the regeneration of all retinal cell types. It is believed, however, that both
ew rod photoreceptors and regenerated neurons originate from the same populations of intrinsic progenitors. Experiments
re described here that attempt to identify in the normal retina of goldfish neuronal progenitors intrinsic to the retina,
articularly those which have remained cryptic because they divide infrequently. Long-term, systemic exposure to
romodeoxyuridine (BrdU) was used to label these cells. Five populations of proliferative cells were labeled: microglia,
hich are briefly described but not studied further; retinal progenitors in the circumferential germinal zone (CGZ); and rod
recursors in the outer nuclear layer (ONL), both of which have been well characterized previously; and two populations of
lowly-dividing cells in the inner nuclear layer (INL). The majority of these cells have a fusiform morphology, whereas the
emaining ones are spherical. Longitudinal BrdU labeling suggests that the fusiform cells migrate to the ONL to replenish
he pool of rod precursors. A subset of the spherical cells express pax6, although none are stained with markers of
ifferentiated amacrine or bipolar cells. It is hypothesized that these rare, pax6-expressing cells are retinal stem cells, which
ive rise to the pax6-negative fusiform cells. Based on these data, two models are proposed: the first describes the lineage
f rod photoreceptors in goldfish; the second is a consensus model of neurogenesis in the retinas of all
eleosts. © 2001 Academic Press
Key Words: rod photoreceptors; development; immunohistochemistry; neurogenesis; retinal regeneration; pax6.a
p
n
c
g
e
m
r
r
i
M
p
s
s
oINTRODUCTION
Neurogenesis in adult mammals is a comparatively rare
event and remained largely undetected until recently when
investigators began actively seeking it. Now it is well
documented (see review by Gage, 2000). New neurons are
derived from small populations of stem cells and migratory
progenitors that are harbored within the nervous system,
e.g., subependymal zone of the forebrain. In contrast to
adult mammals, persistent neurogenesis in adult teleosts is
profound and has been actively studied for more than three
decades. The brains of fish grow dramatically over time, and
1 To whom correspondence should be addressed at Department
of Ophthalmology and Visual Sciences, W. K. Kellogg Eye Center,
1000 Wall Street, University of Michigan, Ann Arbor, MI 48105.tFax: 11-734-647-0228. E-mail: peterh@umich.edu.
62significant component of this growth is neuronal hyper-
lasia. At various locations throughout the CNS, new
eurons emerge from discrete clusters of neuroepithelial
ells and are appended to extant brain structures. Neuro-
enesis in adult teleosts and mammals is likely to be an
volutionarily conserved feature of the vertebrate brain and
ay utilize similar cellular lineages.
In the retina of post-larval teleosts, neurons, except for
od photoreceptors, are generated from an annulus of neu-
oepithelial cells located at the junction of the retina and
ris known as the circumferential germinal zone (CGZ;
u¨ller, 1952; Lyall, 1957; Johns 1977; Meyer 1978). Rod
hotoreceptors are exceptional in that they are generated in
itu within the outer nuclear layer (ONL) in a phase of
econdary neurogenesis that begins after differentiation of
ther retinal neurons is complete. This process continues
hroughout life, as new rod photoreceptors are born and
0012-1606/01 $35.00
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63Neurogenesis in the Retinainsinuated into the existing lawn of photoreceptors. Their
immediate antecedents are a population of mitotically
active cells called rod precursors (Johns and Fernald, 1981)
that reside within the ONL.
One can conclude a priori that there are neuronal stem
cells in the retinas of fish. The CGZ is a continually
self-renewing population of retinal progenitors which give
rise to all types of retinal neurons (with the exception of rod
photoreceptors). In addition, following a lesion to mature,
central retina, all cell types are regenerated from intrinsic
neuronal progenitors (see reviews by Hitchcock and Ray-
mond, 1992; Raymond and Hitchcock, 1997). Self-renewal
and the ability to reconstitute all cell types within a tissue
are the classical definitions of a stem cell (Scheffler et al.,
1999). It has been speculated that in teleosts, stem cells
reside within the INL of the mature retina (Raymond and
Hitchcock, 1997), and this is supported by three lines of
evidence. First, in the all-cone retinas of larval goldfish, rod
neurogenesis originates with proliferative cells in the INL
that migrate to the ONL (Johns, 1982; Raymond and Rivlin,
1987; see also Hagedorn and Fernald, 1992). Second, lesions
to the retina of adult teleosts stimulate cells in the INL to
proliferate (Raymond et al., 1988; Negishi et al., 1991a,b;
raisted et al., 1994; Cameron and Easter, 1995; Hitchcock
t al., 1996; Vihtelic and Hyde, 2000; see also Negishi et al.,
993). Third, in the rapidly-growing retinas of juvenile and
dult trout, proliferative cells in the INL are numerous and
eadily detected (Julian et al., 1998). In juvenile and adult
oldfish, these cells are normally not labeled, or only rarely
o, following pulse injections of [3H]thymidine or bromode-
xyuridine (BrdU), indicating that if they exist, their cell
ycle is prolonged, compared to other dividing populations
n the retina.
As part of ongoing studies of retinal development and
egeneration in teleosts, we sought evidence of slowly
roliferating, putative stem cells in the INL of the goldfish.
hese experiments used long-term (9 days) systemic admin-
stration of BrdU, a method that labels all proliferative cells,
nd, by virtue of continuous availability, can also label cells
hat divide infrequently. Three groups of animals were
repared. Some were sacrificed immediately following
rdU exposure to identify cells that had been labeled,
hereas others were allowed to survive for either 10 or 30
ays to determine what the labeled cells became. As ex-
ected, at 0 days survival the rapidly proliferating cells in
he CGZ and rod precursors in the ONL were labeled with
rdU. In addition, cells in the INL were also labeled. The
ajority of these cells had a fusiform (spindle-shaped)
orphology; the remaining were spherical. The pattern of
abeling at 10 days survival resembled that seen at 0 days.
t 30 days survival, the number of BrdU-labeled cells in the
NL was unchanged; however, the proportion of fusiform
ells had decreased, and there was a concomitant large and
tatistically significant increase in the number of BrdU-
abeled rod precursors or rod photoreceptors in the ONL.
ouble-label immunostaining showed that a subset of thepherical cells in the INL express the developmental regu-
Copyright © 2001 by Academic Press. All rightatory gene pax6, whereas the fusiform cells were always
ax6 negative. None of the BrdU-labeled cells in the INL
ere stained with markers for amacrine or bipolar cells,
owever, indicating that the BrdU-labeled cells were not
ew neurons. We conclude that the proliferative cells in the
NL belong to a lineage that gives rise to rod photoreceptors
n the retinas of all adult teleosts and suggest that the rare
ax61 cells in the INL are stem cells at the apex of this
ineage.
Preliminary results of this study were published previ-
usly in abstract form (D’Costa et al., 1997; Otteson et al.,
998).
MATERIALS AND METHODS
Animals
Juvenile goldfish (Carassius auratus) were obtained from a local
pet store and ranged in body length from 2.5 to 3.8 cm. All animals
were maintained in-house for at least 2 months prior to any
experiments in rooms with artificial lighting on a photoperiod of
14 h day/10 h night. Animals were fed daily. Their treatment
conformed to the guidelines required by the University Committee
on Use and Care of Animals (UCUCA) at the University of
Michigan.
Systemic BrdU Treatment
Fish were systemically labeled by housing them for 9 days in a
10-mM solution of BrdU (Sigma, St. Louis, MO) plus 0.67 g/liter
NaCl, 0.1 g/liter Neutral Regulator (SeaChem Laboratories, Stone
Mountain, GA), and antibiotics (0.07 g/liter kanamycin or 0.03g/
liter tetracycline), at 18–20°C (see Julian et al., 1998). It is assumed
that the BrdU is taken up through the gills and is present in the
vasculature, available for uptake by dividing cells for as long as the
fish are in the BrdU-containing solution. Fish were fed every other
day, beginning 24 h after the start of treatment, and the BrdU-
containing solution was changed completely on alternate days.
Five groups of 5–10 fish were exposed to BrdU separately. At the
end of the treatment one to four fish were sacrificed immediately.
These animals (n 5 10) constitute the 0 days survival group. The
emaining fish were permitted to survive either 10 (n 5 7) or 30
n 5 5) days. At the end of the BrdU exposure, these animals were
ransferred to water containing 10 mM thymidine for 2 days then
eturned to their home tanks for an additional 8 or 28 days before
acrifice. Exposure to thymidine was done as a “chase” in an
ttempt to prevent cells being labeled by BrdU remaining in the
asculature after the fish were removed from the BrdU-containing
olutions.
Some fish failed to thrive during the treatment and recovery
eriods. These animals had a thin, flaccid body, an absence of fat
ithin the orbit at the time of sacrifice, and few BrdU-labeled cells
n the retina. Based on these features, four animals were excluded
rom this study: one at 0 days survival and three at 10 days survival.
Tissue Preparation
Fish were sacrificed by exsanguination following anesthesia in
tricane methanesulfonate (MS222; Sigma). Eyes were removed, the
cornea, iris, and lens were dissected away, and an orientation notch
s of reproduction in any form reserved.
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64 Otteson, D’Costa, and Hitchcockwas cut in the ventral margin. Eyecups were prepared for immu-
nohistochemistry as previously described (Hitchcock et al., 1996).
Briefly, eyecups were fixed for 1.5 h in 4% paraformaldehyde
prepared in 0.1 M phosphate buffer, pH 7.2, followed by cryopro-
tection overnight at 4°C in 20% sucrose in phosphate buffer.
Eyecups were equilibrated for 1–2 h in a 2:1 mixture of 20%
sucrose/phosphate buffer and OCT (Optimal Cutting Temperature;
Tissue Tek, Elkhart, IN) and subsequently frozen and stored at
280oC. Radial cryosections were cut at 10 mm along the nasal-
temporal axis. For some animals, the second eye was sectioned at
5 mm. All sections were air dried onto microscope slides coated in
3-aminopropyl triethoxysilane (TESPA; Sigma) and stored at
280oC prior to use.
Immunohistochemistry
Double-label immunostaining was performed using standard
methods as previously described (Hitchcock et al., 1992; 1996).
Four primary antibodies were used in combination with an anti-
body against BrdU: (1) NN1 (gift of Dr. P. Raymond, University of
Michigan), a monoclonal antibody that labels microglia and endo-
thelial cells; (2) anti-pax6 (BabCO, Richmond, CA), polyclonal
antibodies that label retinal progenitors and a subset of amacrine
and ganglion cells (Hitchcock et al., 1996); (3) anti-syntaxin
(HPC-1; Sigma), a monoclonal antibody that is a marker of ama-
crine and interplexiform cells (Hitchcock et al., 1996); and (4)
anti-protein kinase C-a (PKC-a; Santa Cruz Biotechnology, Santa
Cruz, CA), a monoclonal antibody that is a marker of depolarizing
bipolar cells (Suzuki and Kaneko, 1990). BrdU was detected by
using a rat anti-BrdU monoclonal antibody (Accurate Chemical,
Westbury, NY).
For all antibodies, phosphate buffered saline (PBS) containing
0.5% Triton X-100 (PBS/TX) and 2% normal goat serum (NGS) was
used as the diluent. Antibodies were diluted as follows: NN1 at
1:500; anti-syntaxin at 1:500; anti-PKC-a at 1:50; anti-pax6 at
1:100; anti-BrdU at 1:100. The antibodies NN1, anti-syntaxin, and
anti PKC-a were detected using peroxidase-conjugated secondary
antibodies (Sigma) and diaminobenzidine (DAB) as the chromogen.
Anti-pax6 was detected using the peroxidase-anti-peroxidase
method and DAB (Sigma). Anti-BrdU was detected using secondary
antibodies conjugated either to tetramethyl-rhodamine isothiocya-
nate (TRITC; Sigma) or Cy3 (Accurate Chemical). Immunostaining
was done sequentially: peroxidase labeling was done first, followed
immediately by immunostaining for BrdU. Slides were cover-
slipped using Gelmount (Biomedia, Foster City, CA) and stored at
4°C.
Mitotic cells were identified with antibodies against phospho-
histone H3 (Upstate Biotechnology, Lake Placid, NY). These anti-
bodies are highly specific for the phosphorylated form of histone
H3, which is associated with condensed chromatin during M-phase
(Hendzel et al., 1997). Normal animals were selected from our
olding tank, and the retinas were fixed and sectioned as described
bove and used for immunostaining mitotic cells (and TUNEL
nalysis; see below). Sections were incubated overnight at 4°C in
ntibodies diluted at 1:500. Immunostained cells were visualized
sing either peroxidase- or Cy3-conjugated secondary antibodies. A
otal of 152 sections were stained and examined.
TUNEL Labeling
TdT-mediated dUTP nick-end labeling (TUNEL) was performed
to detect DNA fragmentation in putative apoptotic cells. A com- A
Copyright © 2001 by Academic Press. All rightmercially available kit (DeadEnd Apoptosis Detection System;
Promega, Madison, WI). was used according to the manufacturer’s
instructions, with the exception that Triton X-100, present in all
wash solutions, was substituted for proteinase-K digestion. Sixty-
six sections were stained and examined. DNase-I pretreatment of
the sections and omission of the terminal deoxynucleotidyl trans-
ferase (TdT) enzyme were used as positive and negative controls,
respectively. TUNEL1 cells were visualized with either peroxidase
or fluorescein labels.
Cell Counts
Sections from animals at 0, 10, and 30 days survival were used
for counting BrdU-labeled cells. These sections were double stained
with NN1 and anti-BrdU antibodies (see above), and only BrdU-
labeled cells that were not stained by NN1 were counted (see
Results). Cells were counted in 13–15 nonadjacent radial sections
from one eye of each animal. For each eye, the optic disc was used
as an internal landmark, and cells were counted in sections on
either side of the section passing through the center of the disc. All
BrdU-labeled nuclei were counted, excluding the CGZ, and scored
by position (INL vs ONL) and morphology (see below). Cells wholly
within a plexiform layer were not counted. Nuclei within the INL
were assigned to two groups, based on their morphology. Nuclei
whose length was twice their width were identified as fusiform,
whereas all other nuclei were identified as spherical/other.
Sections not used for cell counts were used for the double-
labeling experiments. BrdU-labeled cells in the INL were scored for
the presence or absence of pax6, syntaxin, or PKC-a. In each of
hese sections, every BrdU-labeled cell in the INL was evaluated for
he presence or absence of staining by one of the antibodies listed
bove. In these experiments, BrdU-labeled microglia were excluded
y the shape and laminar position of their nuclei.
Photography and Images
Retinal sections were photographed using either transmitted
light and differential interference contrast (DIC) or epifluorescence
illumination. Digital images were captured using either an Optron-
ics CCD camera (Optronics Engineering, Goleta, CA) and Cap-
ture1 software or a Spot digital camera (Spot RT; Diagnostic
Instruments, Sterling Heights, MI). Adobe Photoshop 4.0 was used
to prepare all photomontages from either original digital images or
digitized 35-mm slides. Overlays were generated from original
digital images.
Statistical Analysis
From the cell counts, the average number of BrdU1 cells per
ection was computed. In addition, the proportion of BrdU1 cells
n each lamina and of each morphology was calculated. Statistical
omparisons were made using the Mann–Whitney U Test, a
onparametric method that uses ranked data to test the null
ypothesis that two independent samples come from the same
opulation. For each variable, two comparisons were made, 0 vs 10
ays and 0 vs 30 days; therefore, the null hypothesis was rejected if
# 0.025, based on Bonferoni’s principle for multiple comparisons.
nalysis was done using SPSS for Windows (SPSS, Chicago, IL).
s of reproduction in any form reserved.
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65Neurogenesis in the RetinaRESULTS
Identification and Exclusion of Microglia
A small fraction of the cells in the goldfish retina are of
mesenchymal and hematopoietic origin, i.e., endothelial
cells and microglia, respectively. These cells are potentially
mitotically active, but do not participate in neurogenesis.
Therefore, these cells were excluded from further analysis.
Both endothelial cells and microglia are immunostained
with the antibody NN1. In the avascular retina of the
goldfish, endothelial cells of the blood vessels are outside
the retina on its vitreal surface (Fig. 1A; open arrowheads).
In addition to being NN1-positive, these cells are also easily
identified and could be excluded by their location. In
contrast, microglia reside within the retina, generally at the
boundaries between the INL and adjacent plexiform layers,
although they are occasionally found within the nuclear
layers (Fig. 1A, closed arrowheads; see also Velasco et al.,
999). BrdU-labeled microglia (NN11/BrdU1) were present
n all retinas following 9 days of systemic exposure to BrdU
Fig. 1B–E; solid arrowheads). The nuclei of labeled micro-
lia are small (,5 mm diameter) and generally elongated
parallel to the vitread surface (Fig. 1C–E). Although the
number of BrdU-labeled microglia varied among animals,
on average they constituted 17% of all BrdU-labeled cells.
All sections used for counting BrdU-labeled cells (see be-
low) were double labeled, and microglia were excluded from
these counts based on their positive staining with NN1.
Henceforth, “BrdU1 cell” will indicate a cell with a BrdU-
labeled nucleus that is not a microglia and is therefore
presumed to be of neuronal origin.
BrdU Labeling
Below, we describe first the qualitative patterns of BrdU-
labeling we observed and the morphology of the BrdU1
cells within the INL. This is followed by a description of the
results of the cell counts. Finally, we describe the results of
the double-labeling experiments.
Qualitative Observations
At 0 days survival, BrdU1 cells were present in the CGZ,
the ONL, and the INL (Figs. 2A and 2B). The cells within
the CGZ are predominantly retinal progenitors, although
some postmitotic neurons born during the 9 days of expo-
sure to BrdU may be included in this cluster of labeled cells.
Likewise, the BrdU1 cells within the ONL are probably a
mixture of rod precursors and newly born rod photorecep-
tors (see Knight and Raymond, 1990). It was anticipated
that retinal progenitors in the CGZ and rod precursors in
the ONL would be labeled. These proliferating cells cycle
relatively rapidly and can be labeled after only 1 day of
systemic exposure to BrdU (D.C.O. and P.F.H., unpublished
observations). BrdU1 cells were also present in the INL, but
only after long-term exposures, indicating that their cell
cycle is significantly longer than that of retinal progenitors c
Copyright © 2001 by Academic Press. All rightn the CGZ or rod precursors in the ONL. Approximately
5% of the BrdU1 cells in the INL were present in a loose
luster adjacent to the CGZ (Figs. 2A and 2B). These cells
orm an annulus that lies beneath the most peripheral
ortion of the ONL, which contains only cone photorecep-
ors (see Stenkamp et al., 1997). The remaining 25% of the
rdU1 cells in the INL were located more than 500 mm
from the CGZ and, although occasionally cells were ob-
served in pairs or small clusters, they were scattered across
the mature retina.
The morphology of the retinal progenitors in the CGZ
and rod precursors in the ONL are well described (e.g., Johns
1982; Raymond and Rivlin, 1987), and the results of the
present experiments are in agreement with these reports.
The BrdU1 cells in the INL were assigned to two groups
ased on their morphology: fusiform (spindle-shaped) and
pherical. Among the labeled cells, the majority were fusi-
orm in morphology and oriented perpendicular to the
itread surface of the retina (Figs. 3A and 3B). These cells
ere found singly or in small, elongated clusters. Occasion-
lly, they extended into outer plexiform layer, spanning the
oundary between INL and ONL. The remaining BrdU1
ells in the INL were spherical, oblong, or slightly irregular
n shape (Figs. 3C–F). The rigid criteria used for identifying
usiform cells created a bimodal distribution of cell types;
owever, cells with shapes that were intermediate between
usiform and spherical were observed, but classified as
pherical (e.g., Fig. 3D). The spherical, BrdU1 cells were
ound predominantly in the inner half of the INL. BrdU-
abeled cells with fusiform and spherical morphologies
ere observed at all survival times.
At 10 days survival, the pattern of BrdU labeling was
argely unchanged from that observed at 0 days survival
data not shown). Cells within the CGZ were labeled and
here were BrdU1 cells in both nuclear layers, distributed
s described above. The only notable exception was that the
ntensity of the staining among the labeled cells was more
ariable at 10 days survival than at 0 days survival, when all
he BrdU1 cells were intensely fluorescent. This variability
s interpreted to result from dilution of the BrdU label in
ome cells by continued cell division.
At 30 days survival, there was a striking change in the
attern of labeled cells (Figs. 2C and 2D). Thirty days of
ontinued neurogenesis at the CGZ was apparent by a
adial swath of BrdU1 cells that extended from the CGZ,
ppended to the unlabeled retina (Figs. 2C and 2D). These
re the progeny of the retinal progenitors of the CGZ that
ere labeled during the initial exposure to BrdU. They
howed a graded intensity of BrdU staining, with the most
ntensely labeled cells located within the laminated retina.
hese neurons presumably differentiated during or imme-
iately following the initial 9 days of BrdU exposure,
ithout diluting their BrdU content with additional mito-
es. Newly generated (younger) neurons lying closer to the
GZ, as well as all of the cells within the CGZ were still
rdU1, although much less intensely stained, reflecting the
ontinued cell division and dilution of the BrdU label.
s of reproduction in any form reserved.
66 Otteson, D’Costa, and HitchcockFIG. 1. Identification of microglia. (A) and (B) are low-magnification images illustrating a retinal section from an animal immediately following
9 days of systemic BrdU (0 days survival) stained with NN1 and anti-BrdU antibodies. (A) Transmitted light. (B) A digital overlay of (A) and the
fluorescence image. Closed arrowheads show immunostained microglia at the boundaries of the inner nuclear layer and adjacent plexiform
layers. The arrows illustrate BrdU-labeled cells in the CGZ and INL. Open arrowheads show NN1-stained endothelial cells at the vitread surface
of the retina. (C and E) High-magnification images showing NN11 cells with transmitted light (C) and/BrdU 1 cells with fluorescence
illumination (E). (D) The digital overlay of images in (C) and (E). In each, the arrowhead illustrates a BrdU1 microglia. The arrows show
Copyright © 2001 by Academic Press. All rights of reproduction in any form reserved.
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67Neurogenesis in the RetinaBrdU1 cells were also present in the iris, contiguous with
the CGZ, indicating the addition of cells to this structure as
well (e.g., Fig. 2D). BrdU1 cells were still present in the
NL, although their numbers varied markedly from animal
o animal. In some, none were found (Fig. 2C), whereas, in
thers, they were obviously present (Fig. 2D). In addition,
here was a dense band of BrdU1 rod precursors or rod
photoreceptors in the ONL (Figs. 2C and 2D). These cells
now fill that portion of the ONL that previously contained
only cones (see above). (In Figs. 2C and 2D, the band of
BrdU1 rods ends just out of frame on the right.) Our
interpretation is that these labeled rod precursors and rod
photoreceptors were born during the 30-day survival period.
Most of the labeled rod photoreceptors were not intensely
NN1-negative/BrdU1 cells. The large, white arrow in (A) indicates
onl, outer nuclear layer; inl, inner nuclear layer; gcl, ganglion cell
IG. 2. BrdU immunostaining at post-BrdU survival times. (A, B
ollowing 9 days of systemic BrdU and 0 days survival. (C, D) Retin
he inner and outer limiting membranes. In each image, small ar
ndicate BrdU1 cells in the outer nuclear layer. (A, B) The large arro
FIG. 3. Morphology of BrdU1 cells in the INL. (A, B) Cells with
morphology. Cells illustrated in (A—D) are from animals at 0 days
Scale bar 5 10 mm.hat were generated from the CGZ during the survival period. Scale ba
Copyright © 2001 by Academic Press. All rightfluorescent, suggesting they were generated through mul-
tiple cell divisions. There were no labeled cone nuclei
among the labeled rods. Cones appear as a BrdU-negative
band lying between the BrdU1 rod nuclei and the outer
limiting membrane, seen most clearly in Fig. 2D. In central
retina, the pattern of labeling at 30 days survival was
consistent with what was observed for cells adjacent to the
CGZ: there was an observable increase in the number of
labeled cells in the ONL, compared to retinas at 0 and 10
days survival, and a few labeled cells remained in the INL.
In the mature retina, BrdU1 cells in the ONL were found in
clusters, interspersed with areas containing no labeled cells.
BrdU1 cells that remained in the INL within the mature
retina were observed as isolated cells (data not shown).
uster of NN11 cells that are always present adjacent to the CGZ.
. Scale bar 5 100 mm in A, B; 50 mm in C—E.
orescence images of retinas stained with the anti-BrdU antibody
ocessed identically at 30 days survival. The outline is drawn along
indicate BrdU1 cells in the inner nuclear layer, and arrowheads
entifies the CGZ. (C, D) The large arrow identifies BrdU1 neurons
siform morphology (see also Fig. 5). (C–F) Cells with a spherical
val; the cells in (E) and (F) are from an animals at 30 days survival.a cl
layer
) Flu
as pr
rows
w ida fu
survir 5 50 mm.
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Copyright © 2001 by Academic Press. All rightQuantitative Changes
The quantitative analysis of the BrdU labeling (excluding
the GCZ) largely confirmed our qualitative observations
and is illustrated in Fig. 4 and Tables 1 and 2. We observed
considerable variation in the average number of labeled
cells between animals as shown by the large standard
deviations (Tables 1 and 2). The variability in the number of
labeled cells among animals in the 0 day survival group is
likely the result of individual differences in the rate of
growth, with greater numbers of labeled cells reflecting
increased mitotic activity in the retinas of more rapidly
growing animals. Because animals in the 10 and 30 day
survival were examined at a single time point, the number
of cells labeled during the initial 9-day BrdU exposure in
these animals can only be inferred.
In animals examined immediately following 9 days of
systemic BrdU (0 days survival), the average number of
BrdU1 cells was 40.99 per section. There was no statisti-
cally significant change in the average number of BrdU1
ells in the ONL between 0 and 10 days post-BrdU survival
Table 1; Fig. 4A). In contrast, there was a large (more than
-fold) and statistically significant increase in the number
f BrdU1 cells in the ONL at 30 days post-BrdU survival,
hen the average number of BrdU1 cells increased to
190.37 per section (P 5 0.002 vs 0 days; Table 1; Fig. 4A). In
the INL, there were no statistically significant changes in
the number of BrdU1 cells at any time point: the average
number of BrdU1 cells was 7.79 at 0 days, 5.85 at 10 days
(P 5 0.495 vs 0 days) and 6.34 at 30 days (P 5 0.713 vs 0
days).
Although there were no changes over time in the average
number of BrdU1 cells in the INL, the average number of
fusiform and spherical cells within the INL did change
(Table 2; Fig. 4B): the number of fusiform cells decreased,
whereas the number of spherical cells increased. The result-
ing ratio of fusiform to spherical cells at 10 and 30 days
survival was significantly different from that observed at 0
days survival (Fig. 4C).
Mitotic Cells
One question that arises with cumulative labeling meth-
ods is whether or not the labeled cells undergo mitosis in
situ. To strengthen the inference that the BrdU1 cells
within the INL are actively dividing, sections were immu-
nostained using antibodies that identify cells in M-phase
(Fig. 5). Although these antibodies produced a relatively
high background (cf. Figs. 5 and 6), immunostained cells
could be unambiguously identified. In the 152 sections that
were stained and examined, 244 labeled cells were ob-
served. Of these cells, 73% were in the CGZ, lying imme-
diately beneath the pigmented epithelium, and 21% were in
the ONL (Fig. 5A). These mitotic cells correspond to the
populations of the relatively rapidly dividing retinal pro-
genitors and rod precursors, respectively. The remaining
6.0% of the labeled cells were in the INL (Fig. 5B). With theFIG. 4. Graphs illustrating the average number of BrdU1 cells in
he nuclear layers at the three different survival times. (A) The
verage number of BrdU1 cells per section at the 0, 10, and 30 days
ost-BrdU survival times. There were no statistically significant
ifferences between animals examined at 0 and 10 day post-BrdU
urvival times. At 30 days post-BrdU survival, there is a statisti-
ally significant increase (vs 0 days) in the number of BrdU1 cells
located in the outer nuclear layer (ONL) (gray bars), but no
statistically significant changes in the average number of BrdU1
cells in the inner nuclear layer (INL). (B) The average number of
BrdU1 cells in the INL at 0, 10, and 30 day post-BrdU survival
times. There is a decrease in the number of cells with a fusiform
morphology (solid black bars) and an increase in the number with
a spherical morphology (stippled bars) over time, changes that
reach statistical significance at 30 days survival. (C) The changes in
the ratio of fusiform to spherical cells in the INL over time. There
is a statistically significant decrease in the ratio of fusiform to
spherical cells in the INL at 10 days and 30 days (vs 0 day survival).exception of one labeled cell in the amacrine cell layer, all
s of reproduction in any form reserved.
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of the INL.
TUNEL Labeling
It was considered that the decrease in the number of
fusiform cells in the INL over time could be the result of
cell death, therefore apoptosis was examined using the
TUNEL method. In the 66 sections that were stained and
examined, 41 TUNEL-positive cells (TUNEL1) were de-
tected. Cells were judged to be TUNEL1 only if they were
small in size and densely stained (Fig. 6). The majority of
TUNEL1 cells (31 of 41) were found either in the ONL at
the junction of the CGZ and differentiated retina (15 cells;
FIG. 5. (A, B) Cells immunolabeled with antibodies that mark
mitotic cells. (A) A single labeled cell within the CGZ (arrowhead)
and two labeled cells, one lying beneath the other, within the ONL
(arrow). (B) A labeled cell lying within the outer half of the inner
nuclear layer (arrow), adjacent to the CGZ. onl, outer nuclear layer;
inl, inner nuclear layer; gcl, ganglion cell layer; CGZ, circumfer-
ential germinal zone. Scale bar 5 50 mm.Fig. 6A) or in the INL, lying beneath the rod-free zone of the g
Copyright © 2001 by Academic Press. All rightNL (16 cells; Fig. 6B). Two TUNEL1 cells were found in
the CGZ proper and the remaining (8 cells) were found in
the fully differentiated ONL, but near the CGZ (data not
shown). These observations of the locations of TUNEL1
cells agree in general with observations made by similar
methods in trout (Julian et al., 1998) and goldfish (J. Cook,
personal communication).
FIG. 6. (A, B) TUNEL1 cells (arrowheads) in the retina of the
oldfish. Putative apoptotic cells were predominantly located
ithin the ONL as it emerges from the CGZ (A) or the INL,
djacent to the CGZ (B). ONL, outer nuclear layer; INL, inner
uclear layer; GCL, ganglion cell layer; CGZ, circumferential
erminal zone. Scale bar 5 50 mm.
s of reproduction in any form reserved.
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70 Otteson, D’Costa, and HitchcockDouble-Labeling
To further characterize both the spherical and fusiform
cells in the INL, sections were double immunostained for
BrdU and cell type-specific markers. If BrdU1 cells in the
NL are neuronal progenitors, they should express pax6, a
arker of retinal progenitors in the embryonic retinal
euroepithelium of zebrafish (Macdonald et al., 1995) and
he CGZ in goldfish (Hitchcock et al., 1996). Sections from
nimals at 0 and 30 days survival were sampled. Double-
abeling with antibodies against pax6 and BrdU showed that
FIG. 7. Double immunostaining for pax6 and BrdU. (A—C) BrdU
overlay showing BrdU1 fusiform cells that are pax6-negative (arrow
n animal at 30 days survival. The pax6-immunostained cells are w
nd (G) are BrdU1 rod photoreceptors. Scale bar 5 10 mm.he fusiform cells were uniformly pax6 negative and that a s
Copyright © 2001 by Academic Press. All rightubset of the spherical BrdU1 cells expressed pax6. Identi-
cation of these double-labeled cells was unambiguous,
ecause both antigens are nuclear. At 0 days survival,
ax61/BrdU1 cells constituted 8.4% of all the BrdU1 cells
n the INL (42 of 516 cells sampled; Figs. 7A–7C). At 30 days
urvival, pax61/BrdU1 cells were still present (Figs. 7D–
F) and constituted 12.2% of all BrdU1 cells in the INL (28
f 229 cells sampled).
Given the observed increase in the number of spherical
ells in the INL over time, it was considered possible that
nd pax6 (C) labeled cells in a retina at 0 days survival. (B) A digital
s) and one BrdU1 spherical cell that is pax6-positive (arrow). (D—F)
n the inner nuclear layer. The BrdU1 cells visible at the top of (D)(A) a
head
ithiome of the spherical BrdU1 cells could be newly differen-
s of reproduction in any form reserved.
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71Neurogenesis in the Retinatiated neurons. If so, they should express markers charac-
teristic of differentiated retinal cells. In the goldfish retina,
FIG. 8. Model of rod photoreceptor lineage. (A) The proposed lin
except rod photoreceptors, and stem cells. Within the laminated
proliferate and migrate to the ONL to become rod precursors, whi
The proposed response of the proliferative cells in both the INL andifferentiated amacrine cells in the INL express syntaxin, a
contains cone nuclei only within the outer nuclear layer. inl, inner nuc
Copyright © 2001 by Academic Press. All righthereas retinal progenitors at the CGZ are Pax61 but
yntaxin-negative (Hitchcock et al., 1996). Antibodies
of rod photoreceptors. The CGZ gives rise to all retinal neurons,
a, stem cells in the INL give rise to progenitors that continue to
ntinue to proliferate and differentiate into rod photoreceptors. (B)
L following a lesion.eage
retingainst PKC-a label a second population of differentiatedFIG. 9. Model of neurogenesis in the retinas of teleosts. In the center is a cartoon of the retina depicted as a hemisphere with the
circumferential germinal zone in red. Boxed areas designate different growth zones in the retina: A, circumferential germinal zone (CGZ);
B, circumferential larval zone (CLZ) and C, mature retina (MR). The characteristic patterns of cellular proliferation are illustrated in
photomicrographs with mitotically active cells shown in orange. Arrows in the box labeled CLZ identify the region of the retina thatlear layer; onl, outer nuclear layer.
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72 Otteson, D’Costa, and Hitchcockneurons in the INL, depolarizing bipolar cells (Suzuki and
Kaneko, 1990). Double-labeling with syntaxin/BrdU and
PKC-a/BrdU was performed using both 10-mm and 5-mm
ections from animals at 0 and 30 day post-BrdU survival
imes. In 10-mm sections, a few examples of potentially
ouble-labeled cells were found (8 syntaxin1 cells out of
45 BrdU1 cells sampled; 3 PKC-a1 cells out of 939 BrdU1
ells sampled; data not shown). These cells, like the previ-
usly described pax61/BrdU1 cells, were all spherical in
orphology. However, unambiguous identification of cells
ouble-labeled with syntaxin and BrdU or PKC-a and BrdU
was problematic in 10-mm sections, given that the BrdU
TABLE 1
Summary of Cell Counts Following 9 Days of Systemic BrdU
Days post-BrdU IN
0 (n 5 10) Average/section 7.79 6
Minimum 2.0
Maximum 16.8
(Total BrdU1) (1,15
10 (n 5 7) Average/section 5.85 6
Minimum 1.9
Maximum 9.8
(Total BrdU1) (60
30 (n 5 5) Average/section 6.34 6
Minimum 2.4
Maximum 9.2
(Total BrdU1) (46
Note. Numbers indicate the average number of NN1-negative/B
uclear layer. Total, sum of NN1-negative/BrdU1 cells counted for
aximum, the highest average number of labeled cells per section
TABLE 2
Counts of BrdU1 Cells in the Inner Nuclear Layer with Fusiform
and Spherical Morphologies at Post-BrdU Survival Times
Days Post-BrdU Survival
0 10 30
usiform
Average 6 1 SD 6.47 6 3.47 4.01 6 5.59 1.45 6 0.82
Minimum 1.67 1.08 0.47
Maximum 11.47 7.60 2.40
pherical
Average 6 1 SD 1.29 6 1.96 1.56 6 0.61 4.63 6 2.43
Minimum 0.20 0.92 1.53
Maximum 6.80 2.67 7.93
Note. Numbers indicate the average number of NN1-negative/
BrdU1 cells with each nuclear morphology per section 6 1 SD. For
each cellular morphology, minimum is the lowest average number
of cells per section, maximum is the highest average number ofOlabeled cells per section for each morphology at each time point.
Copyright © 2001 by Academic Press. All rightlabel is nuclear and the syntaxin and PKC-a antigens are
ytoplasmic. Two singly-labeled cells, one lying above the
ther, could be incorrectly scored as one double-labeled
ell. Therefore, these double-labeling experiments were
epeated using 5-mm sections, sampling spherical cells only
(.100 for each antibody), to eliminate the possibility of
misidentifying double-labeled cells. In these experiments,
there were no BrdU1 cells in the INL that were double-
labeled.
DISCUSSION
The results of this study confirm and extend previous
reports of neurogenesis in the retinas of larval, juvenile, and
adult goldfish (Johns, 1982; Raymond and Rivlin, 1987) and
juvenile and adult trout (Julian et al., 1998). The aim of the
present study was to use BrdU as a marker to identify
proliferative cells within the INL that earlier studies sug-
gested may be the origin of injury-induced retinal progeni-
tors (Hitchcock et al., 1996). In goldfish, dividing cells in
the INL are seen only rarely with pulse labeling methods,
and we hypothesized that if they are present in post-larval
animals, they must proliferate only slowly. Therefore, a
long-term labeling paradigm was used to mark these cells
(see Julian et al., 1998).
The majority of the BrdU-labeled cells in the INL at 0
days survival had a fusiform morphology. The fusiform
cells in juvenile goldfish are considered identical to the
proliferative and migratory cells that are the antecedents of
the rod precursors first described for the all-cone retinas of
larval goldfish (Johns 1982; Raymond and Rivlin, 1987) and
recently described for juvenile and adult trout (Julian et al.,
998). These cells divide and migrate from the INL to the
ONL Total
33.2 6 15.78 40.99 6 18.33
13.73
62.67
(4,957) (6,166)
26.73 6 10.15 32.58 6 12.27
12.00
40.00
(2,758) (3,097)
190.73 6 63.08** 196.71 6 63.51**
109.31
250.73
(14,113) (14,580)
cells per section 6 1 SD. INL, inner nuclear layer; ONL, outer
nimals; minimum, the lowest average number of cells per section;
he lamina at each time point. **, P 5 0.002 vs 0 days.L
4.63
0
6
9)
2.86
0
0
9)
2.82
3
7
7)
rdU1
all aNL and give rise to rod photoreceptors. Several lines of
s of reproduction in any form reserved.
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73Neurogenesis in the Retinaevidence support this conclusion. First, the morphology of
the fusiform cells is similar to the proliferative cells present
in the INL of larval goldfish (Johns, 1982; Raymond and
Rivlin, 1987) and trout (Julian et al., 1998). Second, at 0 (and
10) days survival, the spatial distribution of these cells
matches the pattern of rod photoreceptor genesis: the ma-
jority lie beneath the region of the ONL that contains only
cone photoreceptors (Stenkamp et al., 1997), but over time
will receive its complement of rods. Third, between 10 and
30 days survival, there was a decrease in the proportion of
fusiform cells, consistent with their migration out of the
INL to the ONL. Finally, at 30 days survival, new BrdU1
rod photoreceptors were present within the ONL where
earlier only unlabeled cone nuclei had been present.
The reduction in the number and proportion of fusiform
cells in the INL, as well as previous reports (John, 1982;
Julian et al., 1998), suggest that these cells migrate from the
INL to the ONL. However, the present study does not
directly demonstrate migration of these cells, and other
explanations must be considered. First, dilution of the BrdU
during multiple rounds of DNA synthesis and mitoses
could render these cells undetectable, resulting in an appar-
ent reduction in their number. This possibility can be
reasonably excluded, however, because at 30 days survival
BrdU1 cells that had clearly undergone multiple rounds of
cell division within the CGZ were stained (Figs. 2C and
2D), suggesting that, in general, BrdU content did not fall
below detection in proliferating cells. Alternatively cell
death could account for the reduction in the number of
fusiform cells in the INL. This was examined directly by
staining apoptotic cells using the TUNEL method. We
observed TUNEL1 cells adjacent to the CGZ, approxi-
mately half of which were in the INL. It is concluded,
however, that these are not dying fusiform cells. First, in
the BrdU-labeled retinas, BrdU1 nuclei that appeared py-
notic were never observed. Second, the TUNEL1 cells
ithin the INL were immediately adjacent to the CGZ, not
ithin the portion of the INL that contained clusters of
usiform cells. Third, the location of the TUNEL1 cells,
oth within the INL and ONL, is among newly postmitotic
eurons, not the mitotically active fusiform cells. There-
ore, it is probably not fusiform cells that are dying, but a
raction of the newly differentiated neurons that derive
rom the CGZ. This implies that programmed cell death
ay be one component in the complex regulation of the
roduction of new retinal neurons in this continually
rowing tissue.
The long-term exposure to BrdU also labeled a small
opulation of spherical (non-fusiform) cells within the INL.
heir identity remains more speculative. One possibility is
hat these are differentiated neurons that incorporated BrdU
hile undergoing DNA repair. Two observations argue
gainst this. First, cells undergoing DNA repair should
ncorporate relatively small amounts of BrdU and should
ot be as brightly labeled as cells that had incorporated
rdU during DNA replication. This was not the case; at 0
ays survival, all the BrdU1 cells in the INL were as I
Copyright © 2001 by Academic Press. All rightntensely labeled as the retinal progenitors within the CGZ.
econd, cells undergoing DNA repair should be randomly
istributed across the retina. This was not observed. Similar
o the fusiform cells, the distribution of the spherical cells
irrored the pattern of rod photoreceptor genesis. Another
ossibility is that the spherical cells are newly differenti-
ted neurons, resulting from a low level of neurogenesis
ithin the INL. This was excluded, at least for amacrine
ells and a subset of bipolar cells, as none of the BrdU1 cells
ere immunostained with antibodies against syntaxin or
KC-a. This was true for retinas at both 0 and 30 days
urvival. The absence of double-labeled cells at the latter
ime point excludes the possibility that the BrdU1 spheri-
al cells did not have sufficient time to express markers of
ifferentiated cells. Based on these observations, it is con-
luded that most, if not all, of the spherical cells in the INL
re neuronal progenitors. Consistent with this is the fact
hat these cells can be labeled with BrdU and that cells with
imilar morphologies undergo mitosis within the INL.
nterestingly, cells with morphology similar to the spheri-
al cells described here have been observed in the retinas of
arval goldfish. Using electron microscopy and autoradio-
raphy, Raymond and Rivlin (1987) observed two
3H]thymidine-labeled cells in the INL of larval goldfish
hat had spherical nuclei, homogeneous chromatin, and
ale cytoplasm and were distinct from the fusiform cells
hat formed neurogenic clusters.
Qualitatively, our results are similar to two recent re-
orts describing accelerated rod photoreceptor genesis in
he teleost retina, one naturally occurring, the other experi-
entally induced. Using antibodies against proliferating
ell nuclear antigen (PCNA), Julian et al. (1998) found that,
n the retinas of rapidly-growing fingerling trout [the retinal
urface area in the animals studied by Julian et al. (1998)
ncreased in size by 10% per week], numerous clusters of
longated, proliferating cells were present within the INL.
hese proliferative cells were most abundant adjacent to
he CGZ and over time migrated to the ONL. Using similar
abeling techniques, Vihtelic and Hyde (2000) observed
lusters of proliferative cells in the INL of the zebrafish
etina, following light-induced photoreceptor degeneration.
hese cells, too, migrated to the ONL to regenerate rod (and
one) photoreceptors. Julian et al. (1998) did not describe
ny proliferative cells with a spherical morphology. This
ay be a consequence of their use of antibodies against
CNA, a marker of proliferation that is only transiently
xpressed and may not be continually present in spherical
ells, or it may be due to their inability to distinguish a
mall population of spherical cells among the numerous
lusters of fusiform ones. In contrast, following light-
nduced retinal injury in the zebrafish retina, the first
CNA1 cells observed in the INL were rounded, albeit
lightly elongated, and only subsequently did the PCNA1
ells with a distinctly fusiform morphology appear (Vihtelic
nd Hyde, 2000). In addition, the first injury-induced
CNA1 cells were located in the innermost aspect of the
NL (Vihtelic and Hyde, 2000), a position similar to that of
s of reproduction in any form reserved.
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74 Otteson, D’Costa, and Hitchcockthe spherical, BrdU1 cells that that were observed in the
INL of goldfish. This is consistent with the inference that
spherical, BrdU1 cells in the INL are retinal progenitors
and suggest that they have a lineage relationship with the
fusiform cells.
The clusters of proliferative cells in the INL of both trout
and zebrafish appear to be equivalent to the fusiform cells
described here and to the neurogenic clusters described
previously by Johns (1982; see also Hagedorn and Fernald,
1992). The significant difference between our observations
for the retinas of goldfish and those for trout (Julian et al.,
1998) (and the regenerating retinas of zebrafish; Vihtelic and
Hyde, 2000) are quantitative. In trout, proliferating cells
migrate from the INL to the ONL in approximately 3 days,
whereas, in the goldfish studied here, evidence of migration
of cells from the INL to the ONL occurred only between 10
and 30 days survival. Second, and most striking, in juvenile
trout, the proliferative cells in the INL were much more
numerous than in goldfish and were readily labeled, even
when staining for transient markers of mitotic activity
(PCNA). The genesis of rod photoreceptors is a growth-
associated phenomenon, quantitatively related to the
growth of the retina, which, in turn, is yoked to the overall
growth of the animal. Retinal growth in trout (Julian et al.,
1998) far outpaces that observed in goldfish (Easter et al.,
1977; Johns and Easter, 1977). The qualitative similarity in
the distribution and fate of proliferative cells in the retinas
of goldfish and trout (and regenerating retinas of zebrafish)
suggest a common mode of rod photoreceptor generation in
all teleosts at all stages, larval through adult.
This inference differs from that made by Fernald and
colleagues (see Fernald, 1989), who did not observe prolif-
erative cells in the INL of the post-larval cichlid following
pulse-labeling methods with [3H]thymidine (see Kim et al.,
997). The patterns of labeled cells in H. burtoni lead them
o conclude that rod photoreceptors are generated by a
econdary marginal zone, consisting of an annulus of self-
enewing, proliferative cells within the ONL, adjacent to
he CGZ. In light of our study, we suggest that the second-
ry marginal zone is not an isolated, self-sustaining popu-
ation of proliferative cells, but consists of rod precursors
hat originate from slowly dividing stem cells and progeni-
ors within the underlying INL, cells that would be missed
y the pulse-labeling methods. It is possible that the ab-
ence of proliferative cells in the INL of H. burtoni repre-
sents a failure to label them rather than an intrinsic
difference between species of teleosts.
Lineage of Rod Photoreceptors in Teleosts
Based on the laminar distribution, differing rates of pro-
liferation, differences in nuclear morphology, and the pat-
tern of pax6 expression, we hypothesize that the BrdU1
cells within the mature retina of the goldfish (and teleosts,
in general) constitute a rod photoreceptor lineage (Fig. 8). At
the apex of this lineage are the rare, pax61 cells with
spherical nuclei, which are postulated to be stem cells that
Copyright © 2001 by Academic Press. All rightroliferate slowly and asymmetrically. These cells appear
o meet at least some of the criteria stem cells (Weissman,
000). First, they are rare, constituting only a few percent of
he mitotically active cells in the differentiated retina.
econd, they divide infrequently. Third, they persist. The
hanging proportions of fusiform and spherical cells over
ime suggest that these cells do not migrate. Fourth, they
xpress pax6, which has been argued to be a marker of stem
ells within the CGZ of Xenopus (Perron et al., 1998). It is
roposed that the progeny of these stem cells are the
usiform cells that continue to proliferate slowly, but sym-
etrically, as they migrate from the INL to the ONL. [For
easons of consistency with previous neuronal lineage mod-
ls (e.g., Calof et al., 1998), we refer to the fusiform cells as
rogenitors or fusiform progenitors.] Once arriving in the
NL, fusiform progenitors become rod precursors, which
re committed (or constrained) to the rod photoreceptor
ate, divide rapidly for a limited number of times and
ifferentiate into rod photoreceptors. In this scheme, the
usiform progenitors and rod precursors act as transit am-
lifying cells. Stem cells in the central-most (oldest) retina
re presumed to be remnants of the embryonic retinal
euroepithelium, left behind at the conclusion of cellular
ifferentiation. Subsequent stem cells are “seeded” into the
etina from the CGZ, very few at a time, along with each
eneration of new neurons. This three-cell lineage, consist-
ng of a stem cell, progenitors and committed precursors, is
ased on models of the hematopoietic system (Weissman,
000) and may be broadly applicable to all tissues that grow
nd/or regenerate.
There is at least one alternative model, however, that fits
ith the present data. There is no direct evidence that a
pherical cell divides to give rise to a fusiform cell. The
itotically active fusiform and spherical cells may repre-
ent two independent lineages, not a single one as outlined
bove. In this model, fusiform cells form one lineage that
enerates new rod photoreceptors only [this is supported by
ur data and previous studies (see above)], whereas the
pherical cells form a second lineage that perhaps generates
eurons that remain within the INL or simply remains
uiescent until stimulated to proliferate by injury. The
eneration of new inner retinal neurons is not supported,
ut only by negative results, but the formal possibility for
his remains. We favor the single-lineage model as being the
ost parsimonious interpretation of the data.
This model and the results of the present study highlight
ifferences in the length of the cell cycle among the
roliferative cells in the fish’s retina. Regulating the length
f the cell cycle is a common mode of controlling prolifera-
ion within a developing organ or tissue and depends on
oth intracellular programs and extracellular signaling mol-
cules (Conlon and Raff, 1999). This regulation can occur in
ll phases of the cell cycle, and may take the form of a
ransient arrest or variations in the length of a given phase.
or example, lengthening the cell cycle commonly occurs
ate in development, and can result from expansion of G1-(see Caviness et al., 1999) or S-phases (see Alexiades and
s of reproduction in any form reserved.
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75Neurogenesis in the RetinaCepko, 1998). In the goldfish’s retina, the extracellular
regulation of the cell cycle, regardless of its form, must act
over a short range to account for the marked differences in
the length of the cell cycle of the stem cells and fusiform
progenitors in the INL and rod precursors in the ONL. This
short-range control may take the form of differing concen-
trations of a mitogen synthesized or sequestered within the
two nuclear layers or differences in the balance between
mitogenic and anti-mitogenic peptides (see Ku et al., 2000).
Implicit in this model, and supported by experimental
evidence (see Hitchcock and Raymond, 1992; Raymond and
Hitchcock, 1997; Vihtelic and Hyde, 2000), is that cells of
the rod photoreceptor lineage are a source of regenerated
neurons (Fig. 8B). Compelling circumstantial evidence in-
dicates that rod precursors can give rise to regenerated
neurons (Raymond et al., 1988), and several studies have
reported that lesions to the retina stimulate cells within the
INL to proliferate (e.g., Hitchcock et al., 1996; Vihtelic and
Hyde, 2000). These are the fusiform progenitors and puta-
tive stem cells described here, and we suggest that they,
too, contribute to regeneration of the retina in the goldfish,
although direct evidence supporting this is still lacking.
A Consensus Model of Neurogenesis in the Retinas
of Teleosts
We propose that neurogenesis in the retinas of post-larval
teleosts consists of two, spatially separate pools of mitoti-
cally active progenitors and precursors, each sustained by
stem cells (Fig. 9). The first pool is the CGZ (Fig. 9A), a
continuously self-renewing neuroepithelium that is a rem-
nant of the original retinal neuroepithelium, exiled to the
perimeter of the retina. Stem cells supplying the CGZ
likely reside where the CGZ merges with the iris (see
Perron et al., 1998; Wetts et al., 1989). The second pool
esides in the differentiated retina and under normal cir-
umstances gives rise exclusively to rod photoreceptors. A
oose collection of stem cells and progenitors is present
ithin an annulus that lies adjacent to the CGZ forming a
egion that resembles the all-cone retina of the larval
oldfish (Johns, 1982; Raymond and Rivlin, 1987). We
uggest this annulus of retina be named the circumferential
arval zone (CLZ; Fig. 9B), a nomenclature that reflects the
hronotopic organization of development at the margin of
he teleost retina. Within the CLZ, rod photoreceptors are
enerated by the same cellular events that occur during
arval development, as the transiently all-cone retina is
ransformed into mature retina containing both rods and
ones. Rod photoreceptors are generated in central, mature
etina as well (Fig. 9C), but at a much slower rate, consis-
ent with the lower demand for new rod photoreceptors
here. Differences in the relative abundance of stem cells
nd their progeny within the CLZ and mature retina reflect
uantitative differences in the requirements for new rod
hotoreceptors, rather than intrinsic differences in the
echanisms of rod photoreceptor production.
The model described here provides a heuristic framework
Copyright © 2001 by Academic Press. All rightor further study, and we suggest it has direct relevance for
ll continuously-growing retinas, shares features with the
etinas of mammals at the late stages of neurogenesis (see
apaport and Vietri, 1991), and may have general applica-
ility to neurogenesis in the nervous systems of all adult
ertebrates.
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